Abstract -Honey bees are important model organisms for neurobiology, because they display a large array of behaviors. To link behavior with individual gene function, quantitative polymerase chain reaction is frequently used. Comparing gene expression of different individuals requires data normalization using adequate reference genes. These should ideally be expressed stably throughout lifetime. Unfortunately, this is frequently not the case. We studied how well three commonly used reference genes are suited for this purpose and measured gene expression in the brains of honey bees differing in age and social role. Although rpl32 is used most frequently, it only remains stable in expression between newly emerged bees, nurse-aged bees, and pollen foragers but shows a peak at the age of 12 days. The genes gapdh and ef1α-f1, in contrast, are expressed stably in the brain throughout all age groups except newly emerged bees. According to stability software, gapdh was expressed most stably, followed by rpl32 and ef1α-f1.
INTRODUCTION
The quantification of gene transcript is frequently used in molecular behavioral biology. Quantitative real-time polymerase chain reaction (qPCR) is the technique of choice to analyze changes in the amount of gene-specific mRNA. It is highly sensitive and allows quantification of rare transcripts and small changes in gene expression (Pfaffl 2001; Bustin and Nolan 2004) .
Comparing samples requires normalization to compensate for differences in the amount of biological material and RNA content in the tested samples. Normalization to an internal reference gene is the most popular strategy. However, finding appropriate reference genes for data normalization is one of the most challenging problems today (Kubista et al. 2006) . The ideal reference gene should be expressed at a constant level among different tissues of an organism, at all stages of development, and should be unaffected by the experimental treatment (Bustin 2000) . But many genes are regulated under certain conditions, and there is no universal reference gene with a constant expression in all tissues (Bustin 2000; Suzuki et al. 2000; Huggett et al. 2005) . Therefore, it is necessary to investigate and validate different reference genes under the same experimental conditions to use them for normalizing gene expression.
Studies for the validation of insect reference genes were made in various insect species, for example, in Drosophila melanogaster (Ling and Salvaterra 2011; Ponton et al. 2011) , Bombus terrestris and Bombus lucorum (Hornáková et al. 2010) , Tribolium castaneaum (Lord et al. 2010) , Rhodnius prolixus (Majerowicz et al. 2011) , Cimex lectularius (Mamidala et al. 2011) , Lucilia cuprina (Bagnall and Kotze 2010) , and locusts like Schistocerca gregaria (Van Hiel et al. 2009 ), and Chortoicetes terminifera ). In the honey bee A. mellifera, a model organism for studies on social behavior, reference genes were investigated in-depth only in larval and pupal stages (Lourenco et al. 2008) and in the brains of young honey bee workers after a bacterial challenge (Scharlaken et al. 2008) .
We tested the suitability of the three commonly used insect reference genes (1) elongation factor 1 alpha-f1 (ef1α-f1), one of two ef1α genes in the honey bee (Walldorf and Hovemann 1990; Danforth and Shuqing 1998) , (2) glyceraldehydes-3-phosphate dehydrogenase (gapdh), and (3) ribosomal protein L32 (rpl32, former rp49) for qPCR studies in honey bee workers. All three genes are involved in different pathways and belong to different functional classes.
We measured changes in the brain expression of these genes during adult development of honey bees. The suitability of the three genes as references in qPCR studies was subsequently analyzed using software packages Bestkeeper, Genorm PLUS , and NormFinder. These three programs are well established, most commonly used and freely available.
MATERIALS AND METHODS

Bees
Bees were kept in a commercial hive on the campus of the university in Potsdam. A comb with capped brood shortly before emergence was removed from the hive and placed in a humidified incubator at 34°C till the adult bees emerged from their brood cells. Three to 5 h after emergence, the bees were paint-marked on their thoraces to enable the experimenter to distinguish between the different age groups. All marked bees were restored to their colony of origin. At specific time points after emergence, ten bees per group (biological replicates) were collected directly from the colony into small glass tubes between 9 and 10AM. Pollen foragers were collected at the hive entrance and identified by loads of pollen attached to their legs. Returning bees without filled pollen baskets, which displayed an extended abdomen, were regarded as nectar foragers. All bees were collected in May and June.
Sample preparation and storage
The experimental procedures were performed according to the MIQE guidelines (Bustin et al. 2009 ). The bees were individually placed in metal harnesses with a strip of tape fixed between the head and thorax and a second strip fixed over the abdomen to prevent movement and stinging. The head was fixed at the first strip with beeswax. The brain was dissected in cold bee saline (NaCl 270 mM, KCl 3.2 mM, MgCl 2 10 mM, CaCl 2 1.2 mM, 3-(Nmorpholino) propanesulfonic acid 10 mM, pH 7.3). The hypopharyngeal glands, the salivary glands, the trachea on top of the brain, and the retinal pigment were removed during the dissection of each brain. Then, the whole brain was immediately frozen in liquid nitrogen and stored at −80°C until RNA extraction.
RNA extraction and cDNA synthesis
The frozen brains were homogenized in the reaction tube with a pestle (1.5 cm 3 ), and total RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. DNase treatment was not performed, because of the intron-spanning primers used. For quantification, RNA concentration was measured at 260 nm using a GeneQuant 1300 spectrophotometer (GE Healthcare UK Limited). Purity of total RNA was determined as the 260/280 ratio with values ranging between 1.8 and 2. The integrity of total RNA was proved once by electrophoresis on a 1 % (w/v) agarose gel to demonstrate the success of the extraction procedure. Because of Reference gene selection in the honey bee the "hidden break" in the 28S rRNA in insects, samples were considered intact when the 18S rRNA was visible as a clear band (Mustard et al. 2003; Winnebeck et al. 2010 ). First-strand cDNA synthesis was carried out in duplicate (technical replicate) using the SuperScript™ III First-Strand Synthesis SuperMix for qRT-PCR (Life Technologies GmbH, Darmstadt, Germany). About 500 ng of total RNA, 10 μL 2× RT reaction mix, and 2 μL enzyme mix were gently mixed in a total volume of 20 μL and incubated at 25°C for 10 min and at 50°C for 30 min. The reaction was terminated at 85°C for 5 min and then chilled on ice. After adding two units of Escherichia coli RNase H, the reaction was incubated at 37°C for 20 min, diluted with DEPC-treated water to a total volume of 100 μL (diluted 1:5), and stored at −20°C until further use.
Quantitative real-time PCR (qPCR)
The forward and reverse primers were designed to span at least one intron to prevent false signals caused by genomic DNA contamination. Every hydrolysis probe had two modifications, the fluorophore 6FAM on the 5' end and the quencher BBQ on the 3' end. Primer, probe, and amplicon details are listed in the Tables I and II . Each sample was analyzed in triplicate (technical replicate) in a total reaction volume of 25 μL, containing 0.25 μM of each primer, 0.1 μM hydrolysis probe, 12.5 μL 2× Rotor-Gene Multiplex polymerase chain reaction (PCR) Master Mix (Qiagen, Hilden, Germany), and 5 μL of the diluted cDNA. Reactions were performed on the real-time PCR cycler Rotor-Gene Q (Qiagen, Hilden, Germany) using the following protocol: −60°C for 1 min, 95°C for 5 min, and 45 cycles at 95°C for 20 s and 60°C for 1 min. The specificity of the PCR products was determined by the sequence specificity of the hydrolysis probe. Quantification cycle (C q ) values were determined at the same fluorescent threshold (0.1) for each gene. The C q value for each sample was obtained by calculating the arithmetic mean of the C q values of each triplicate. The C q value of each individual was calculated as the mean average of the arithmetic mean C q s of the RT-PCR duplicates. In addition to the samples, a series of standard concentrations of a PCR product (derived from a plasmid containing the cDNA of the gene) was run for each gene in every qPCR. It was used to calculate the amount of copies in the sample using the standard curve method. Three increasing quantities of DNA (10 5 copies to 10 7 copies per reaction) of the respective gene were used. PCR efficiency (E) values were calculated by the analysis software Rotor-Gene Q Series Software (version 2.0.2, Qiagen, Hilden, Germany) for each run from the given slope and the following formula E ¼ 10
Data analysis
The presence of potential outliers was excluded using the Grubbs test (Grubbs 1969 ). The expression of the different genes was compared using analysis of variance (ANOVA, IBM SPSS Statistics, Rel. 19.0.0). If variances of the expression data were homogenous, we applied a Scheffé post hoc test (rpl32, gapdh). If they were not homogenous (ef1α-f1), we used a Tamhane post hoc test.
To calculate the stability of expression for candidate reference genes the software BestKeeper© (version 1, Pfaffl et al. 2004 BestKeeper determines standard deviation and the power of the reference genes on which the most stably expressed gene is selected. NormFinder determines a stability value based on the overall variation and the variation between sample subgroups of the candidate reference genes and selects the gene with the least expression variation as the most stably expressed reference gene. It is a direct measure of the estimated variation in expression. Genorm PLUS automatically calculates relative quantities from the C q values. Afterward, the program determines the gene-stability value M, defined as average pair-wise variation between a particular gene and all other control genes in a given set of samples. The gene with the highest M value is the least stably expressed gene and was eliminated before the remaining genes were calculated again. The reference gene with the lowest M value has the most stable expression. In addition, the genespecific variation in each control gene was determined after normalization as the coefficient of variation (CV) of expression levels. The CV should be minimal for the most stably expressed reference gene.
RESULTS
Age-dependent variation in gene expression
Each reference gene shows age-dependent changes in mRNA expression (ef1α-f1: F0 3.025, P00.027; rpl32: F08.163, P≤0.001; gapdh: F06.046, P≤0.001, one-way ANOVA). The expression of ef1α-f1 mRNA was significantly stronger in the brains of newly emerged bees compared with those of 6-day-old bees (P00.03, Tamhane test) but did not differ between 12-day-old bees, pollen foragers, or nectar foragers ( Figure 1A ). Rpl32 expression was significantly stronger in the brains of 12-day-old bees compared with those of newly emerged bees, 6-day-old bees, and pollen foragers ( Figure 1B ; 12 versus 0 days: P≤ 0.001; 12 versus 6 days: P00.019; 12 days versus pollen foragers: P00.035, Scheffé test). Nectar foragers differed in expression only from newly emerged bees (nectar foragers versus 0 days: P00.01, Scheffé test). The other groups were intermediate. The expression of gapdh mRNA was significantly stronger in the brains of newly emerged bees compared with those of most age groups apart from nectar foragers ( Figure 1C ; P≤0.05, Scheffé test).
Test for stability of expression
Analysis with the software Bestkeeper revealed that the mRNA expression level of none of the tested reference genes has a standard deviation (SD) greater than 1, so that all of the tested genes can be used for qPCR normalization. All genes show a significant correlation to the Bestkeeper index (P≤0.001). Based on the SD of the value of the cycle number used for quantification (C q ), gapdh Reference gene selection in the honey bee could be ranked as the most reliable reference gene, followed by rpl32 and ef1α-f1 (Table III) .
Genorm PLUS also identified gapdh as most stably expressed gene (stability value M00.464, CV00.133). Rpl32 (M00.576, CV00.240) and ef1α-f1 (M00.607, CV00.276) came second and third, respectively (Figure 2) . All of the Genorm PLUS tested reference genes have an M value below 1.5 and are therefore expressed stably enough to be used as reference genes in qPCR.
In whole-brain homogenates, NormFinder ranked gapdh as the most stably expressed reference gene (stability value 0.102), followed by rpl32 (0.197) and ef1α-f1 (0.223) (Figure 3) . When two reference genes are used, the best combination is gapdh and rpl32 (0.120).
DISCUSSION
Comparison of expression stability between genes
For reliable results in qPCR studies, a precise normalization of gene expression levels is an absolute prerequisite (Vandesompele et al. 2002) . The ideal internal standard should be expressed at a constant level among different tissues of an organism at all stages of development and should be unaffected by the experimental treatment (Bustin 2000) . Unfortunately, no study has yet identified a single reference gene that is suitable across all developmental stages within an organism (Bagnall and Kotze 2010) . In studies on gene expression in A. mellifera, the most frequently used reference genes have been rpl32 . Ages: newly emerged (0 days), 6-day-old bees (6 days), 12-day-old bees (12 days), pollen foragers (PF), nectar foragers (NF). Number per age group: ten. Grozinger et al. 2003; Corona et al. 2007; Ament et al. 2008; Navajas et al. 2008 ) and ef1α-f1 (Toma et al. 2000; Bloch et al. 2001; Yamazaki et al. 2006 ), but whether expression of these genes remains stable throughout adult development was not yet tested in detail. We analyzed the stability of expression for these two reference genes and for gapdh, another typical reference gene, in the brain of honey bee workers over the entire adulthood. Honey bees show an age-dependent division of labor which is often studied with respect to changes in gene expression (Bloch et al. 2001; Ben-Shahar et al. 2003; Ament et al. 2008) . These studies require reliable reference genes with stable expression across the observed age groups.
In our study, none of the three analyzed genes was expressed constantly during adult development. Both ef1α-f1 and gapdh were expressed at a constant level in the brains of bees older than 6 days but were expressed at significantly higher levels in the brains of newly emerged bees. Expression of rpl32 mRNA differed between newly emerged bees and 12-day-old bees. This may partly be explained by the fact that protein products of the reference genes are not only implicated in the basal cell metabolism but also participate in other functions (for review, see Sirover 1997) . Therefore, the question arises whether it is possible at all to find a gene which does not change its expression level during adult development or under different conditions.
Although the expression of all three reference genes tested in the brain differed within adult honey bees, we could rank the genes according to their expression stability. The three programs NormFinder, Bestkeeper, and Genorm PLUS ranked gapdh as the most stably expressed reference gene, followed by rpl32 and ef1α-f1. Some authors recommend using at least two reference genes (Vandesompele et al. 2002) . According to NormFinder, gapdh and rpl32 should be used for adult honey bee brains. But, it is also acceptable to use only one reference gene as an internal control if it is expressed stably under the same experimental conditions (Thellin et al. 1999; Bustin et al. 2009 ).
Gapdh is a metabolic enzyme that takes part in a great variety of processes (Sirover 1997) . Our validation of gapdh as the most stably expressed reference gene corresponds well with the findings of Scharlaken et al. (2008) for honey bees after bacterial infection and for the desert locust (Van Hiel et al. 2009) . Surprisingly, none of the gene expression studies performed in honey bees used gapdh for normalization, although it is one of the most frequently used reference genes in the history of qPCR (for review, see Suzuki 2000) . This is possibly related to the fact that gapdh is one of the most unstably expressed reference genes in Reference gene selection in the honey bee other insects (Bagnall and Kotze 2010; Hornáková et al. 2010; Chapuis et al. 2011) . Although the expression of rpl32 and ef1α-f1 is not as stable as that of gapdh, the former two genes are expressed stably enough to be used as reference genes in studies on adult honey bee brains, supporting results of McQuillan et al. (2012) . Interestingly, rpl32, which is part of the 60S ribosomal subunit, is even the most stably expressed gene in the pre-adult development of honey bee workers (Lourenco et al. 2008 , under the former name of rp49) and in the brains from fifth-instar larvae of the desert locust (Van Hiel et al. 2009 ). Ef1α-f1 takes part in the translational process and is the least stably expressed gene in our study, although it was identified as one of the most stably expressed reference genes in adult locusts (Van Hiel et al. 2009; Chapuis et al. 2011) , bumble bees (Hornáková et al. 2010) , and fruit flies ).
Gene expression and experimental condition
The choice of a suitable reference gene depends mainly on the experimental situation. For example, in a study by Thellin et al. (1999) , the amounts of gapdh did not vary between different rat subspecies and between different nervous tissues but varied highly in human mononuclear blood cells after the addition of different activators like ionomycin. Also, the stability of rpl32 and ef1α-f1 mRNA expression varies with the experimental design. Although rpl32 is expressed stably during development of honey bee larvae and pupae, its expression becomes very unstable when bees are treated with juvenile hormone (Lourenco et al. 2008) . Similar variations were observed for ef1α-f1 (Lourenco et al. 2008) . These results show that, even if gene expression is stable under normal conditions, expression of the same genes may become instable after treatment with chemicals.
Recommendation
For gene expression studies on brains of adult honey bees older than 1 day old, we suggest gapdh should be given preference as reference gene. When gene expression is studied in young hive bees, rpl32 is the best choice, in our opinion. Generally, we recommend using all three programs (Bestkeeper, Genorm PLUS , and NormFinder) to validate expression of reference genes for each new experimental situation.
